AbSTRAcT • Xylite very much has the appearance of precious wood species with dark heartwood and also has some physical and aesthetical properties of wood, required nowadays
INTRODUCTION 1. UVOD
The Velenje lignite and xylite (as lithotype of lignite) seam is embedded approximately in the middle of the Plio-Pleistocene succession (Markič and Sachenhofer, 2010) . During a long period of time, wood structure undergoes a drastic biochemical, geochemical and geological transformation, as well as carbonization (Drovenik, 1982; Justin and Markič, 2005) . Anyway, it still retains some physical and mechanical behaviour of wood from which it originates (Gorišek et al., 2012; Gorišek and Straže, 2103) . Still well preserved xylem structure may have a potential for use in some specific, often highly valuable end products. The research is a continuing attempt to convert low grade xylite into products of higher quality and more added value, as energy source, compared to primarily used briquetting and gasification (Anon., 2005; Gorišek, 2007) .
When xylite does not contain great amounts of mineral inclusions, it can be processed with wood working machines. Especially when polished, it often shows recognizable structure of wood and its colour resembles to wood species with dark coloured heartwood, like wenge (Milletialaurentii) or ebony (Dyospiros sp.). The unpleasant fact is that xylite retains the worst characteristic of wood. Xylite remains hygroscopic; therefore, if it is to be used in normal climatic conditions, it should be dried to the appropriate moisture content that can ensure dimensional stability during use. Therefore, during the drying process, a large amount of bound water should be removed. Due to high density, the diffusion process in xylite is very slow, shrinkage is pretty high and a significant reduction of strength is expected. In this case, the drying needs to be considered as a low-stress loading of xylite, due to moisture content changes and drying gradient that cause high risk of warping and cracking in the process of drying or during exposure to changing climatic conditions.
The main aim of this research was to study the feasibility of conventional drying of xylite and the drying conditions affecting the kinetics of the procedure and the end product quality. Furthermore, typical drying defects were classified and the main causes were evaluated at the microscopic level of xylite structure.
MATERIAL AND METHODS

MATERIJAL I METODE
For the study, individual pieces of xylite were selected from the regular production line of lignite mine. Strong heterogeneity and large variability of xylite required visual assessment of material to select the pieces with the best preserved and recognizable wood structures.
For drying, specimens of three thicknesses (6 mm, 12 mm and 18 mm) were cut and sorted according to the material density and colour assessment.
The drying process was carried out in thermostatically controlled chambers at two temperature levels (T 1 = 20 °C and T 2 = 40 °C). The different drying potentials were achieved by constant climatic conditions with four saturated salt solutions (RH 1 = 34 % (MgCl 2 ), RH 2 = 65 % (NaNO 2 ), RH 3 = 75 % (NaCl) and RH 4 = 86 % (ZnSO 4 )), while for the drying at the highest temperature (T 2 ), just two climatic conditions were used (RH 2 = 61 % (NaNO 2 ), RH 4 = 84 % (ZnSO 4 )). The average air velocity at the entry of the stack of 1.0 m/s was achieved by radial fans.
The final quality control of dried xylite included the evaluation and macroscopic characterization of internal and external xylite cracking and possible geometrical changes like warping and anisotropic shrinkage. Microscopic characterization, including fracture and anatomy analysis, followed afterwards, and it was carried out using standard transmittance light microscopy techniques and differential colour staining. The yield of volume without damages was used for assessing the quality of dried xylite.
In order to determinate and describe the defects, the criteria were established for evaluating the defect on transverse and longitudinal sections. The transverse sections were evaluated by: -presence of inclusions (minerals, soil); -type and direction of cracks (orientation: radial, tangential, other) and their occurrence (earlywood, latewood, in the middle lamella or in the cell walls); -assessment and extent of cracks (length -width); -consistence of earlywood (appearance of tissue, presence of cracks and inclusions; degree of collapsed tissue); -width of early and late wood and its proportion; -number of cells in a radial series; -shape and appearance of cells (e.g. cell wall thickness, number of layers in the cell wall, presence of radial cracks in the cell wall, depth of radial cracks in the cell walls) and -degree of collapsing.
The longitudinal sections were additionally estimated by: -occurrences of helical indentations and cracks; -presence of slip panes and fractures, also other types of cracks; -size and quantity of parenchyma tissue and -presence of other inclusions.
RESULTS AND DISCUSSION
REZULTATI I RASPRAVA
The drying of xylite started from the average initial moisture content of 43.3 % to the final moisture content (MC f ) achieved with equilibrium moisture content upon exposure to individual climatic conditions. The lowest MC f was reached at T = 20 °C and 34 % RH, namely 8.0 %, whereas the highest MC f of 25.0 % was attained in the most humid climatic conditions (RH 4 = 87 %) (Gorišek et al., 2013) .
The drying time depended on the drying conditions, as well as on thickness of individual specimens (Tab. 1). The dependency of the drying process time and specimen thickness is well correlated and can be successfully fitted to the exponential regression model. Generally, drying at the normal climatic conditions (20 °C / 65 %) or drier climate resulted in a sufficiently
The results of final quality control of drying showed a low yield of xylite suitable for use for final products. Higher quality was obtained by drying in mild conditions and at lower temperature (Tab. 2), whereas it decreased with the increase of thickness of xylite specimens. This can be ascribed to assumed increase of drying stresses with thicker material, often found during drying of natural sawn wood (Hunter, 2002; Pang, 2002; Thuvander et al., 2002; Kang et al., 2004) , and also due to a probably higher content of mineral and other inclusions in thicker specimens, not detected during visual inspection. Greater heterogeneity and disorientation of the investigated xylite structure could also cause more fractures in thicker xylite elements. Compared to the drying time at different time regimes, the yield of quality dried xylite is negatively correlated to the duration of the procedure (Tab. 1). The most common defects that reduce the quality and ability of exploitation of xylite were reflected in various types of cracks and different kind of warping.
End splitting and cleavage occurred more frequently in xylite than in some wood species (Chen et al., 1997; Oltean et al., 2007; Ratnasingam et al., 2010) . Cracking of xylite mostly occurred in tangential direction. This is opposite to the usual checks of wood, where large tangential shrinkage induces radially oriented cracks typically at the junction of rays and longitudinally oriented fiber-form tissue (Oltean et al., 2007; Ratnasingam et al., 2010) . In xylite, the transverse shrinkage anisotropy is not so marked and reaches the value of around 1.5 (Gorišek et al., 2012) , which is considerable less than in most wood species (Dinwoodie, 2000). ). Therefore, the large difference in shrinkage is not between the radial and tangential direction but between more or less different structures of parallel layers (Fig. 1) . Typical tangentially oriented cracks emerged on the border between often collapsed earlywood cells and better preserved latewood cells. In these locations, early-wood was often laying over latewood (Fig. 2) . Delamination between earlywood and latewood in tangential plan can be ascribed to different shrinkage and different rigidity of cell walls in these two categories. Figure 1 Cross-sections of xylite: Failures are most common in places with large differences in density and sharp transition from earlywood to latewood and in slip layers of earlywood (the shear strength of collapsed cell walls is weakened). Bars -100 mm Slika 1. Poprečni presjeci ksilita: pukotine se najčešće nalaze na mjestima velikih razlika gustoće i oštrog prijelaza iz ranog u kasno drvo te u posmaknutim slojevima ranog drva (čvrstoća smicanja urušenih staničnih stijenki smanjena je). Trake -100 mm .
Figure 2
Cross-sections of xylite: Splitting caused by heavily disoriented tissue in intercalating and kneading fibers also weakened by soil and mineral inclusions. Bars -100 mm Slika 2. Poprečni presjeci ksilita: razdvajanje tkiva uzrokovano je vrlo dezorijentiranim staničjem u zgnječenim i umetnutim vlaknima koja su oslabljena inkluzijama minerala i zemlje. Trake -100 mm Failures are most common in places with large differences in density and sharp transition from earlywood to latewood as well as in slip layers of earlywood. Collapsed earlywood cell walls and slip layers in earlywood had very low shear strength (Fig. 3 and   Fig. 4 ). Mineral and soil inclusion mainly arranged in tangential directions are probably the next weakening factor of xylite tissue in this direction and a possible place for initiating the fracture (Fig. 5) . 
Figure 6
Cross-sections of xylite: Thinner pieces of xylite are subject to bowing and warping due to different orientation of layered structure and different overlying tissues. Bars -100 mm Slika 6. Poprečni presjeci ksilita: tanji komadi ksilita podvrgnuti su koritanju i krivljenju zbog različite orijentacije uslojene strukture te različitih staničja u preklapajućim slojevima. Trake -100 mm.
Since the average shrinkage of xylite along the grain is significantly larger than in nowadays wood species (Gorišek et al., 2012) , the occurrence of warp in xylite is also more frequent than in wood. Xylite was less susceptible to side bending (crook) than to warping along the length of the element face (bow) (Fig. 6) , and more susceptible to bowing in thinner elements.
The main factor influencing the degree of crooking or bowing in a sawn wood is usually the original location in the log (juvenile wood) or the presence of reaction wood (Gorišek and Straže, 2004; Straže et al. 2011) . It is quite difficult to identify the reaction or even juvenile tissues in xylite. As it is certain that the influence of long-term geochemical conversion from wood into xylite was significantly greater than the differences between various categories of wood, xylite warping is considered to be caused by densification processes, damages and reorientation of tissue. The largest differences are observed between less altered latewood with more rigid cell walls and collapsed thin cell walls of earlywood. Warp also appeared in locations with heavily reoriented tissue caused by intruding and kneading of fibers. In many bow-deformed elements, overlaid tissues were recognized with characteristic interwoven microstructure.
CONCLUSIONS 4. ZAKLJUČAK
The drying kinetics of xylite is similar and even slower than the drying kinetics of very dense wood species with high internal resistance to moisture flow. Nevertheless, the use of low drying potential, i.e. high relative air humidity and low temperature, increases the yield of quality dried xylite suitable for some specific products after drying.
Collapsed structure of xylite and its considerably reduced strength and dimensional stability were the main risks and defects during the drying process. Heterogeneity and presence of mineral and soil inclusions also have an important role in the xylite structure, especially with thicker elements.
Investigation of drying defects on microscopic level showed that the cracks are more frequently oriented in tangential direction. Failures are most common in completely collapsed earlywood or between earlywood and latewood. From there, associated with the presence of huge tissue disorientation, the initiated fractures usually cause serious surface checking and most often characteristic end-splitting of dried elements. Warping of dried xylite specimens, more present with thinner elements, can be ascribed to high densification and to local reorientations of xylite structure, while the influence of juvenility or reaction tissues have to be excluded.
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